We aimed to determine the safety, immunogenicity and efficiency of an inactivated equine rotavirus vaccine. The vaccine was prepared with G3 serotype equine rotavirus. A dose of 2 ml was inoculated twice with a 1-month interval into the cervical muscles of 60 pregnant mares (40 on farm T and 20 on farm M). The first vaccination was conducted
Equine rotavirus infection is a disease that causes acute diarrhea in foals [1] . The signs often observed in affected foals are diarrhea, pyrexia, depression and reluctance to suckle [10] . Depression and colic are often observed in serious field cases. The disease occurs in suckling foals, especially those less than 4 months old [6] . Usually fluids and antibiotics are given to foals with severe diarrhea to prevent severe dehydration, electrolyte imbalances and secondary bacterial infection. The disease is highly contagious, but the mortality rate is extremely low. The disease occures severely in newborn foals in the Hidaka region of Hokkaido, a major thoroughbred breeding district of Japan [6] . The serotypes and genotypes of rotaviruses are classified by differences in the antigenicity of two kinds of viral outer capsid protein (VP4 and VP7) or the VP4 coding gene. It has been confirmed that both the G3P [12] and G14P [12] rotaviruses spread in the Hidaka region of Hokkaido in 1996 and 1997 [14] , although the G3P [12] rotavirus emerged between 1981 and 1991 [7, 11, 13] . It has been suggested that the G3P [12] rotavirus was predominant in surveys conducted on sera collected from yearlings in the same region in 1999, but the G14P [ 1 2 ] r o t a v i r u s h a s a l s o s p r e a d [ 8 ] . I n a n epidemiological study of foal diarrhea conducted by the authors and others in the breeding region for 7 years, it was found that approximately 30% of foal diarrhea is caused by rotavirus infection [6] . Therefore, many breeders and veterinarians have voiced the need for the development of an effective equine rotavirus vaccine. In light of this history, we
This article was accepted April 22, 2005 *Correspondence author. e-mail: imagawa@epizoo.equinst. go.jp conducted a basic study of a prepartum equine rotavirus vaccine between 1994 and 1996 and proved by challenge test in experimental foals that the vaccine substantially reduced foal diarrhea caused by rotavirus infection, although it did not completely protect foals from diarrhea [5] . Powel et al. [12] conducted a field study with an inactivated equine rotavirus vaccine and suggested that vaccination of mares with equine rotavirus resulted in high colostral antibody concentrations, which in turn reduced the incidence of rotaviral diarrhea in their foals, compared with foals born to control mares. The objectives of our current study were to determine the safety and efficiency of an inactivated equine rotavirus vaccine in field trials.
Materials and Methods

Vaccine
Equine rotavirus HO-5 strain (G3P [12] ) [7, 10] was used as the vaccine strain. Culture fluids of the virus (10 7.3 TCID 50 /2 ml) were propagated on a monolayer of MA-104 cells by the methods described in a previous report [5] . The vaccine was prepared by inactivating the above viral culture fluids with 0.2% formalin for 24 hr at 37°C and subsequently adding aluminum phosphate at 2 mg/ml to serve as an adjuvant.
Virus antigen detection and virus isolation from feces
A latex agglutination test using Rota Screen (Microgen Bioproducts, England) was performed by the methods described in a previous report [4] to detect rotavirus antigen in feces. Virus was isolated from feces by the methods described in a previous report [9] . Isolated virus was identified as rotavirus by an indirect immunofluorescence technique with anti-HO-5 antibody prepared in guinea pigs.
Virus RNA detection in feces and VP7 typing by PCR
Vir us R NA was extracted fr om a 10 % fecal suspension and culture fluid of isolated virus using an Isogen LS kit (Wako Pure Chemical Industries). First, the full-length VP 7 gene of rotavirus was amplified by P C R w i t h t h e p r i m e B e g 9 (GGCTTTAAAAGAGAGAATTTCCGTCTGG) and End9 (GGTCACTCATACAATTCTAATCTAAG) and subsequently PCR was conducted with the G3 and G14 serotype-specific region as a primer. For G3 typing, the G3E primer (CAATCGAAGAGATTGCGACAG) was u s e d , a n d f o r G 1 4 t y p i n g , t h e G 1 4 D p r i m e r (GACGAAGCATTGCAATTA) was employed. PCR was conducted by the method described by Tsunemitsu et al. [14] .
Neutralization test
A plaque-reduction neutralization test was conducted to measure antibody titers to the vaccine strain (HO-5) in the serum, colostrum and milk. The neutralization test was conducted as described by Hoshino et al. [3] . A serum neutralization test by virus dilution was also conducted to determine crossreactivity among the HO-5 strain, the FI-23 strain (G14P [12] ) [2] and the isolated T-1 virus strain. The T-1 strain was representative of the rotaviruses isolated from foals with diarrhea on farm T. A serum neutralization test by virus dilution was performed in 48-well plastic dishes of MA-104 cell monolayers. Serum to be tested was used after heating at 56°C for 30 min. Each test serum was mixed with an equal volume of one of a number of serial ten-fold virus dilutions diluted with maintenance medium (pH 7.6) containing 0.295% tryptose phosphate broth (TPB) and 2 µg/ml crystal trypsin in Eagle's minimum essential medium (MEM). All mixtures were kept at 37°C for 1 hr. Then, 0.1 ml of mixture was inoculated into each of 4 wells with confluent monolayers of MA-104 cells that had previously been washed once with washing medium (pH7.4) containing 0.295% TPB in MEM. After adsorption at 37°C for 60 min in a CO 2 incubator, the cultures were washed twice with washing medium. Maintenance medium at 0.5 ml was added to the each of the cultures, which were incubated at 37°C in a CO 2 incubator. The cultures were then observed for the cytopathic effect (CPE) for 7 days. Serum-neutralizing activity was expressed as a neutralizing index indicating the difference in log virus titer between preimmunization sera and hyperimmune antisera.
Hyperimmune antisera to equine rotavirus
Hyperimmune antisera were prepared as follows. The two equine rotavirus reference strains (HO-5 and FI-23) and the isolate (T-1) were propagated in MA-104 cells and semipurified on sucrose gradients. Each 1 ml of these antigens was mixed with an equal volume of Freund's complete adjuvant and inoculated into the muscles of guinea pigs twice, with a 1-month interval. Their sera were collected 1 week after the last inoculation. The pre-immunization serum of each guinea pig had a titer of less than 1:4 by neutralization testing.
Field trial test
Test term: The field study was conducted from 11 December 1998 to 25 July 1999.
Tested animals: The field study was conducted by u s i ng p re g n an t m a re s an d t he i r f o a l s at t w o Thoroughbred breeding farms (farms T and M) in Hokkaido. The horses tested on farm T consisted of 40 vaccinated mares, 40 foals born to these mares (vaccinated-group foals), 5 control mares and 5 foals born to these mares (control-group foals). The horses tested on farm M consisted of 20 vaccinated mares, 20 vaccinated-group foals, 4 control mares and 4 controlgroup foals. Vaccine was not given to the control mares.
Vaccination: A 2-ml dose was given twice with a 1-month interval into the cervical muscles of each pregnant mare. The first vaccination was given at 8 or 9 months of gestation.
Clinical observation: The whole body and the inoculated area of each vaccinated pregnant mare were examined for adverse reactions for 2 weeks after vaccination. Delivery was also observed in the vaccinated mares. The foals were observed for growth and clinical signs for 3 months after birth.
Examination of foals with diarrhea: If foals developed diarrhea, virological tests, consisting of a latex agglutination test, PCR and virus isolation, were conducted on the feces to determine whether the diarrhea was caused by rotavirus or not. Moreover, the treatment given and progress of diarrhea in foals infected with rotavirus were investigated. D e t e r m i n a t i o n o f i m m u n o g e n i c i t y : T h e immunogenicity of the vaccine was evaluated by measuring the serum neutralizing (SN) antibody titers of mares and foals.
Sera were collected from all mares before first vaccination and at foaling and from all foals 3 days after birth. Enough colostrum was given to all foals. SN antibody titers of colostrum collected at foaling and of milk collected about 1 month after foaling were also measured.
Clinical signs and treatment of control-group foals infected with rotavirus that appeared on farm T in 1998: Inactivated equine rotavirus vaccine was not given to pregnant mares on farm T in 1998 or the previous year, when a field trial test was conducted. Therefore, foals born to these pregnant mares were used as control-group foals. A positive reaction of the latex agglutination test on loose feces confirmed that 30 of these control-group foals were infected with rotavirus. The clinical signs, treatment and duration of diarrhea observed in these infected foals were investigated from clinical records. To examine the effects of the vaccine, data on these infected foals were compared with the clinical signs, treatment and duration of diarrhea from rotavirus infection in vaccinated-group foals.
Results
Safety
Neither clinical signs of whole body illness, such as depression, anorexia and pyrexia, nor abnormalities at the injection site were observed in any of the 60 pregnant mares inoculated twice on farms T and M. The deliveries of all vaccinated and control pregnant mares were normal, although a vaccinated mare on farm T leaked milk before delivery. During the 3 months after birth, no abnormalities in growth were observed in any of the foals in the vaccinated-and control-groups on farms T and M.
Antibody response in vaccinated pregnant mares and immunity passively acquired through colostrum in foals
The SN antibody titers of the mares (serum, colostrum and milk) and foals (serum) on farm T are shown in Table 1 . All vaccinated pregnant mares and control pregnant mares possessed neutralization antibodies pre-vaccination. At foaling, the serum titers of 36 pregnant mares vaccinated twice were 2-to 16-fold higher than those at pre-vaccination. The serum titers of the remaining 4 (T7, T22, T24 and T31) were the same at pre-vaccination and foaling. The serum titers of 4 of the control pregnant mares at pre-vaccination and foaling were the same, but in one control the titer at foaling was 2-fold lower than at pre-vaccination. The antibody response rate was 90% for vaccinated mares and 0% for control mares. At foaling, the serum titers of 37 of the vaccinated-group foals were either the same as their dams' or twice as high. The titers of the remaining three foals (T3, T5 and T11) were 2-to 4-fold lower than those of mares at foaling. At foaling, the serum titers of 4 of the control foals were the same as their dams' at foaling or twice as high, and the titer of the remaining control foal was 2-fold lower than its dam's.
The geometric mean (GM) SN antibody titers of mares and foals on farm T are shown in Table 2 . In the 40 vaccinated pregnant mares, the GM serum titers at pre-vaccination and foaling were 1:375 and 1:1,094, respectively. The titer at foaling was 2.9-fold higher than at pre-vaccination. In contrast, in the 5 control mares, the GM serum titer at foaling (1:954) was lower than at pre-vaccination (1:1,094). The GM titers of The SN antibody titers of mares (serum, colostrum and milk) and foals (serum) on farm M are shown in Table 3 . All the vaccinated and control pregnant mares possessed neutralization antibodies at pre-vaccination. In the 20 pregnant mares vaccinated twice, serum titers at foaling were 2-to 8-fold higher than at prevaccination. The serum titers of 4 of the control pregnant mares at pre-vaccination and at foaling were the same. The antibody response rate was 100% for vaccinated mares and 0% for controls. The serum titers of 17 of the vaccinated-group foals ranged from values the same as those of their dams to 2-to 4-fold higher. On the other hand, the serum titers in the remaining three foals (M1, M3 and M17) were half those of their dams at foaling. The serum titers of three control foals at foaling ranged from values similar to those of their dams to twice as high, and the titer of the remaining foal was 16-fold lower than that of its dam. The GM titers of mares and foals on farm M are shown in Table   Table 2 4. The GM titers of colostrum were 1:10,320 in vaccinated mares and 1:5,940 in control mares. In the 20 vaccinated pregnant mares, the GM serum titers at pre-vaccination and at foaling were 1:298 and 1:1,280, respectively: the titer at foaling was 4.3-fold higher than at pre-vaccination. In contrast, for the 4 control mares, the GM serum titers at foaling and pre-vaccination were the same. GM titers of milk were 1:52.3 for vaccinated mares and 1:56.3 for control mares. GM serum titers of foals were 1:1,775 for the 20 in the vaccinated-group and 1:529 for the 4 controls.
Occurrence of foal diarrhea on farms T and M
Twenty-two of the 40 vaccinated-group foals and one of the control-group foals on farm T foals had diarrhea, including soft feces. The diarrheal grade, age at development of diarrhea and duration of diarrhea in these 23 foals are shown in Table 5 . The diarrheal feces excreted by these foals were grouped into 4 grades. Of 22 vaccinated-group foals, 4 had watery feces, three muddy feces, three soft feces and 12 slightly soft feces. No diarrhea was observed in the 20 vaccinated-group foals and the 4 control-group foals on farm M. +  +  11  320  40  SS  NC  NC  +  +  +  12  2,560  40  S  46  2  -NT  NT  14  2,560  80  SS  64  2  -NT  NT  17  1,280  80  SS  59  4  +  NT  NT  19  1,280  40  SS  NC  NC  ---23  1,280  80  S  63  2  +  +  +  25  1,280  40  M  70  3  +  +  +  27  5,120  NT  WS  14  3  +  +  NT  28  640  NT  SS  NC  NC  +  -+  32  2,560  80  S  NC  NC  -NT  NT  34  1,280  NT  M  60  3  +  NT  NT  38  10,240  NT  SS  NC  NC  +  NT  NT  40  1,280  NT  M  62  3  +  NT  NT  43  1,280  20  SS  NC  NC  -NT 
Virological tests for rotavirus in diarrheal feces from farm T
The results of virological testing for rotavirus in the feces of the 23 foals with diarrhea on farm T are shown in Table 5 . Sixteen of 22 fecal samples tested by latex agglutination, 8 of 10 tested for virus isolation and 11 of 12 feces tested by PCR were positive for rotavirus. All genes detected in the 11 PCR-positive samples corresponded to those of the rotavirus G14 serotype.
Comparison of clinical signs and treatments in vaccinatedand control-group foals infected with rotavirus
The clinical signs, treatment, age at development of diarrhea and duration of diarrhea in 11 vaccinatedgroup foals infected with rotavirus in 1999 and 30 control-group foals infected with rotavirus in 1998 are shown in Table 6 . Of the 11 vaccinated-group foals, 4 excreted watery feces, three excreted muddy feces and 4 excreted soft feces. One of the 11 also had pyrexia and another had pyrexia and depression. The average age at which these 11 foals developed diarrhea was 60 days and the average duration of the diarrhea was 3.9 days. In contrast, all 30 control-group foals excreted watery feces and had pyrexia and depression. The average age at which these 30 foals developed diarrhea was 39.7 days and the average duration of diarrhea was 8.7 days.
Cross-reactivity among the isolated T-1 strain virus and the two representative equine rotavirus strains, G3P [12] and G14P [12] The cross-reactivity among the isolated virus T-1 strain, the HO-5 strain (G3P [12] )and the FI23 strain (Table 7) . 2 Four foals excreted watery feces, three excreted muddy feces, and four excreted soft feces. Rotavirus infection confirmed by latex agglutination test of feces. 4 Excreted watery feces. Parenthesis shows numerical value which the virus log titer shown by the reaction of hyperimmune antiserum and virus strain was subtracted from the virus log titer shown by the reaction of preimmunization serum and virus strain.
(G14P [12] ), as determined by neutralizing tests, is shown in Table 7 . Although the T-1 strain cross-reacted with immune sera to both the HO-5 and FI23 strains, it cross-reacted more closely with the immune serum to FI23 than with that to HO-5. The HO-5 and FI23 strains also cross-reacted with each other, but at a lower level than that of a homologous reaction.
Discussion
We have already reported the immunogenicity and efficiency of the equine rotavirus vaccine in diarrhea prevention [5] . In our previous study, we found that pregnant mares vaccinated twice acquired 2-to 256-fold higher ELISA antibody titers compared with prevaccination. Foals that acquired ELISA antibody titers of more than 1:1,280 from parental colostrum were protected from diarrhea caused by homologous rotavirus infection; even if they developed diarrhea, it was slight. Our field study of inactivated equine rotavirus vaccine was conducted on the strength of these previous results.
No abnormal signs were observed in the whole body or at the injection site in a total of 60 pregnant mares vaccinated twice on the two farms tested. All the deliveries of the vaccinated pregnant mares were normal and their foals were born normally. The growth of all foals was also normal. Although one of the vaccinated mares leaked milk before delivery, this was not considered to be related to the vaccination. From these results, we confirmed that the vaccine was safe for pregnant mares and their foals.
In our previous report, we suggested that two doses of vaccine were needed to give pregnant mares high levels of antibody [5] . Two doses were also given to pregnant mares in the field trials, in conformity with our previous results. A rise of SN antibody titer was observed in 56 of the 60 pregnant mares (93.3%) vaccinated twice on farms T and M. The remaining 4 mares, in which antibody did not rise after vaccination, possessed SN antibody titers of 1:640 and 1:1,280 prevaccination. This suggested that vaccine break may occur in pregnant mares that have comparatively high SN antibody titers pre-vaccination. The GM SN antibody titer of the 40 pregnant mares at foaling on farm T was 2.9-fold higher than pre-vaccination and the GM SN antibody titer of the 20 pregnant mares at foaling on farm M was 4.3-fold higher than prevaccination. From these results, we confirmed that the vaccine possessed effective immunogenicity in the pregnant mares.
We previously reported that foals acquired almost the same ELISA antibody titers as those of their dams through colostrum [5] . In our present field test, almost all the foals that drank colostrum possessed SN titers similar to, or slightly higher than, those of their dams. All 60 vaccinated-group foals on farms T and M possessed SN antibody titers between 1:320 and 1:10,240, and the GM SN antibody titers of the foals on both farms were 1:1,530 and 1:1,775, respectively. We showed in our previous paper [5] that foals that acquired ELISA antibody titers of more than 1:1,280 were effectively protected from diarrhea caused by rotavirus infection, although this protection was not complete. All antibody titers were shown as SN antibody titers in this study. To appraise the results of the previous study it was important to determine the SN antibody titer that would prevent diarrhea from rotavirus infection in foals. For the reason, we newly conducted SN tests on the foal sera used for the challenge tests in our previous paper [5] . The results showed that diarrhea could be prevented or minimized in the face of homologous rotavirus challenge if foals possessed SN antibody titers of at least 1:320 [our unpublished data]. We also found in the present field study that foals acquired effective antibodies against rotavirus infection through colostrum from their vaccinated dams.
Twenty-two of the 40 vaccinated-group foals on farm T had diarrhea. Three kinds of rotavirus-detecting tests were conducted to examine whether rotavirus was present in their feces. Sixteen fecal samples were positive on the latex agglutination test, 8 on virus isolation and 11 on PCR for rotavirus. Only the G14 serotype rotavirus gene was detected in all 11 PCRpositive fecal samples. These results suggested that 16 foals on farm T might have developed diarrhea by infection with the G14 serotype rotavirus, which was different from the G3 serotype vaccine strain. It was not concerned with rotavirus infection, although one of the 5 control group foals had diarrhea.
As the control group foals on farm T were not infected with rotavirus in 1999, we could not examine the diarrhea-prevention effect of the rotavirus vaccine in vaccinated-and control-group foals in that year. However, diarrhea caused by rotavirus occurred frequently among control-group foals on farm T in 1998. We were thus able to compare the clinical signs and treatment of the control-group foals in 1998 and
